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Metamaterials are a special type of artificial materials with engineered subwavelength structures. Through regulating the interaction between light and the artificial structures, metamaterials have enabled a host of striking materials properties, including artificial magnetism, tunable electric permittivity, negative refractive indices, extremely large refractive indices, and strong chirality.
1-3 Such remarkable properties have allowed us to manipulate light propagation in an unparalleled manner. Examples include negative refraction, 4 reversed Cherenkov radiation, 5 and invisibility cloaks, 6, 7 to name a few. Thanks to the advanced electromagnetic theories and numerical modeling techniques, state-of-the-art fabrication tools as well as greatly improved characterization and analysis methods, tremendous progress has been achieved in the fascinating field of metamaterials. The operation wavelength of metamaterials has been expanded across a broad electromagnetic spectrum from microwave and terahertz, to infrared and visible. The dimension of metamaterials has also been extended from single layer to bulk (with respect to the wavelength of interest).
Very recently, intensive attention has been attracted to metasurfaces, a class of planar metamaterials with exceptional abilities to mold light flow. 8 The central idea of metasurfaces is to introduce the desired phase profile by patterning subwavelength structures at the interface between two natural materials. The rationally designed phase offers an additional, yet a very important degree of freedom to fully control the wave propagation. For instance, anomalous reflection and refraction have been demonstrated in the infrared region. 9, 10 Metasurface-based optical devices, such as vortex plates, 11 wave plates, [12] [13] [14] and ultra-thin focusing lenses, 15, 16 have also been realized for different types of incident light, i.e., linearly polarized light, circularly polarized light, or vertex beams.
So far, almost all studies on metasurfaces have focused on manipulating propagating waves. In contrast, only a few of them [17] [18] [19] [20] have been devoted to employing metasurfaces to control near-field waves, such as surface plasmons. Surface plasmons are collective electron density oscillations that are coupled to external light. 21 They behave optical surface waves propagating along a metal-dielectric interface with field intensity exponentially decaying away from the interface, or they are tightly confined in all three dimensions around a metallic nanostructure. Due to the strong confinement and large field enhancement, surface plasmons promise a variety of applications in super-resolution imaging and lithography, data storage, ultra-compact optical devices, as well as biomedical sensing. [22] [23] [24] [25] In this letter, we demonstrate that one-dimensional metallic gratings, a simple metasurface with practically feasible geometries, are capable of tailoring the dispersion, and thus the propagation characteristic of surface plasmons in an unprecedented manner. 26 The structure is schematically shown in Fig. 1 , where a grating pattern (with width w, height h, and period p) is carved into a metal. It is found that the constant frequency contour of surface plasmons can be tuned from being convex to flat, and to hyperbolic. As a result, normal, non-divergent and anomalous diffraction are achieved as surface plasmons propagate along the metasurface. In particular, arising from the hyperbolic constant frequency contour, surface plasmons undergo negative refraction as they propagate from a flat metal surface to a metasurface. These findings open an innovative avenue to designing on-chip plasmonic devices for imaging, light concentration, biosensing, and optical communication.
We start with studying the plasmonic mode of a single metallic ridge, in order to understand the mechanism of the metasurface consisting of an array of ridges. Previous work showed that a metallic ridge supports a plasmon mode that has electric field tightly confined on the top of the ridge. xðxþic c Þ , where the highfrequency bulk permittivity e 1 ¼ 6, the bulk plasmon frequency x p ¼ 1:5 Â 10 16 rad=s, and the collision frequency c c ¼ 7:73 Â 10 13 rad=s are obtained by fitting the experimental data from the literature. 28 At the wavelength of 543 nm, the effective mode index of the ridge plasmon mode, defined as n ef f ¼ k z;sp =k 0 , is equal to 1.087 þ 0.0057i. For comparison, the effective mode index of surface plasmons on a flat semi-infinite silver-air interface is 1.045 þ 0.002i, which is smaller than the mode index of the ridge plasmon mode. Therefore, surface plasmons can be well confined on the ridge, without being decoupled to the plasmon mode on the flat silver-air interface. It should be noted that the ridge plasmon mode is not sensitive to the deformation of the geometry, such as curved corners and non-vertical side walls. This unique characteristic is confirmed from the field distribution and the mode index calculation for the two nonideal structures. Meanwhile, the effective index of the ridge plasmon mode is larger than that of surface plasmons on a flat silver-air interface at the same wavelength over a broad spectral spectrum, which guarantees the confinement of surface plasmons on the ridge. 29 Therefore, ridge plasmon modes are a good candidate for practical wave guiding and light confinement at deep subwavelength scales. The metasurface constructed by an array of ridges is expected to be insensitive to fabrication imperfections, ideal for studying surface plasmons propagating on the metasurface.
When an array of ridges is periodically arranged (with periodicity p) to form a metasurface, the plasmon mode on each ridge is coupled, or hybridized, through evanescent wave coupling. All the allowed plasmon modes comprise a band. Figure 3 plots the effective mode index of the coupled plasmon modes, both real part and imaginary part, at three different wavelengths (k 0 ¼ 633 nm, 543 nm, and 500 nm). In the first Brillouin zone (Àp=p k x p=p), the constant frequency contour (i.e., dependence of the real part of n ef f versus the transverse momentum k x ) shown in Fig. 3 (a) exhibits distinct differences. When the wavelength is 500 nm, n ef f is maximum at the edge of Brillouin zone (k x ¼ 6p=p), while it is minimum at the Brillouin center (k x ¼ 0). Overall, the constant frequency contour is hyperbolic, except near the edge of the Brillouin zone. As a result, the curvature of the plasmon mode band (i.e., the second derivative) is positive at k x ¼ 0, and negative at k x ¼ p/p, indicating that the diffraction of a wave packet is anomalous at k x ¼ 0 and normal at k x ¼ p/p. 30 In contrast, the reversed characteristics are observed at k 0 ¼ 633 nm, where the constant frequency contour has a convex shape. Very interestingly, the plasmon mode band for 543 nm wavelength is almost flat, implying the diffraction can be suppressed as surface plasmons propagate along the metasurface. Figure 3(b) plots the imaginary part of the mode index, which always gradually increases when jk x j increases. This is because for larger jk x j, more fields penetrate into the metal, and hence more energy dissipates into heat.
Mathematically, the difference of the constant frequency contour can be understood from the coupled mode theory that has been applied to study the interaction of photonic modes in dielectric waveguide arrays. 31 In an array of waveguides, the propagation constant along z-axis is given by k z ¼ b þ 2C cosðk x pÞ, where b is a constant, and C is the coupling coefficient between photonic modes. Apparently, the curvature of the constant frequency contour depends on the sign of the coupling coefficient. For dielectric waveguide arrays, the coupling coefficient is commonly positive. The propagation constant, thus effective mode index for the first band is maximum at k x ¼ 0, which is also valid for the plasmon mode on the metasurface at 633 nm wavelength. However, the situation changes for the same metasurface when the wavelength is reduced to 500 nm, where the coupling coefficient becomes negative and the constant frequency contour has a minimum at k x ¼ 0. There is a transition point where the coupling coefficient is almost zero, leading to a propagation constant independent on k x (i.e., a flat band). We can understand why the coupling coefficient changes signs in the following way. At short wavelength, the plasmon mode is strongly confined. Therefore, the metallic grating can be considered as a metal-dielectric multilayer supporting hyperbolic constant frequency contour. 32 However, the field is much less confined at a longer wavelength, and consequently the surface morphology modulation is not sufficient to reverse the shape of the constant frequency contour. These results strongly indicate that we can readily engineer the coupling coefficients and constant frequency contour for surface plasmons on the metasurface, depending on the wavelength and geometrical parameters.
Three-dimensional full-wave simulations (CST Microwave Studio) taking into account the realistic geometry confirm the different propagation characteristics as surface plasmons propagate on a metasurface. In the simulation, a small waveguide port is placed adjacent to the metasurface, which is constructed by milling periodic grooves into an optically thick silver film. Plasmon modes are excited by the port and propagate along the z-axis. Figure 4 shows the ycomponent of the electric field (E y ) in the plane 5 nm above the metasurface. Although the electric field shows discretized features due to the surface topography, we can clearly visualize that the phase front of surface plasmons on the metasurface is concave, flat, and convex at the wavelength of 500 nm, 543 nm, and 633 nm, respectively, arising from the different curvature of constant frequency contours shown in Fig. 3(a) . At 500 nm wavelength, surface plasmons are focused when they reach the flat silver interface region (top region in Fig. 4(a) ), clearly showing that metasurface can be used as a planar imaging device. Remarkably, at 543 nm wavelength, surface plasmons do not diverge after propagating 4 lm, although the beam width is only about 300 nm. Such a self-focusing effect may be very useful for designing surface hyperlens as conceptually proposed in Ref. 8 , as well as light harvesting from nano-emitters to improve the emission directionality and collection efficiency.
We intend to propose a feasible geometry of metasurface for manipulating surface plasmons. Therefore, the period of the grating (p ¼ 120 nm) considered in Figs. 3 and 4 is not deep subwavelength, but still four-fold smaller than the shortest wavelength (500 nm). Such a length scale satisfies the conventional requirement of metamaterials. Owing to the periodicity, the deviation of the constant frequency contour from a hyperbola does exist near the edge of the Brillouin zone (jk x j % p=p) at 500 nm wavelength. The central region of the constant frequency contour (jk x j p=2p), however, can be still considered as a good approximation of an effective medium in the context of metamaterials. In fact, it is claimed that the effective medium method can work up to the Wood anomaly, where the wavelength is comparable to the periodicity and diffraction starts to occur. Under this condition, the periodic structure can no longer be considered a homogeneous effective material.
33 Apparently, our current design is away from the Wood anomaly. To ease potential difficulties in the fabrication, we have designed metasurfaces with a larger periodicity and a smaller aspect ratio, 29 which show similar results as Figs. 3 and 4 .
The hyperbolic constant frequency contour enables allangle and broadband negative refraction for surface plasmons. The group velocity, defined as v * g ¼ r k *x, lie normal to the constant frequency contour. 32 Therefore, the group velocity of surface plasmons on metasurfaces is negative when the constant frequency contour is hyperbolic. If surface plasmons are launched from a flat metal interface, on which group velocity of surface plasmons is positive, surface plasmons will encounter negative refraction right after passing the metasurface. Such negative refraction of surface plasmons, confined to the two dimensions, is the counterpart of the negative refraction of freely propagating waves utilizing bulk hyperbolic metamaterials. full-wave simulation result at the plane 5 nm above the metasurface for a grating with p ¼ 100 nm, w ¼ 40 nm, and h ¼ 100 nm at the wavelength 458 nm. The smaller periodicity, larger grating aspect ratio, and shorter wavelength lead to a steeper slope of the constant frequency contour, producing more pronounced negative refraction of surface plasmons. The incident angle of surface plasmons is 308, and the resulting refraction angle is about À158, in good agreement with the estimation from the constant frequency contour. It can be seen that the power flow (group velocity) undergoes negative refraction, while the wave vector (phase velocity) remains positive direction. This phenomenon is due to the strong anisotropy of the metasurface. 34, 35 Owing to the hyperbolic constant frequency contour, negative refraction of surface plasmons take place for all incident angles. Moreover, it can work over a broad wavelength range as indicated by the evolution of constant frequency contours shown in Fig. 3 . Such a simple metasurface platform provides considerate advantages for bending surface plasmons negatively, compared with previous work based on gap plasmons in a metal-dielectric-metal geometry. 36 Finally, it is fundamentally different from negative refraction in photonic crystals, which works near the edge of Brillouin zone or high-order band where diffraction plays an important role. In contrast, the negative refraction in our metasurface design works in the subwavelength region. The simulation of the band structure and negative refraction in a disordered grating further confirms the difference. 29 In conclusion, we show that a metasurface made of periodic metallic gratings can drastically modify the dispersion of surface plasmons, giving rise to flat or hyperbolic constant frequency contour that are distinctly different from that of surface plasmons on an unstructured metal surface. As a result, non-divergent diffraction, anomalous diffraction, and negative refraction of surface plasmons have been numerically demonstrated. It is anticipated that these results can be readily confirmed in experiments, based on our designed metasurfaces with practical geometries. Our findings substantially extend the concept of metasurfaces into the near field region, and hold promising applications on a planar photonic footprint. For instance, the hyperbolic constant frequency contour implies enhanced photonic density of states, which can significantly increase emitter's decay rate. 8, 37 The metasurface also provides a unique platform to explore the spin and orbit angular momentum of light for information processing and communication. 18, 38, 39 Last but not least, similar strategies can be applied to spoof surface plasmons at microwave and terahertz region, 40 where metals are essentially perfect conductors and unable to support surface plasmons.
This work was supported by the U.S. ARO MURI program (W911NF-09-1-0539). FIG. 5 . Negative refraction of surface plasmons at the wavelength of 458 nm, when surface plasmons are incident from a flat silver-air interface to a metasurface. Here, we plot the snapshot of the y component of the electric field (E y ) at the plane 5 nm above the metasurface. The region between the two dashed lines is metasurface, while the remaining is flat silver-air interface. The geometric parameters of the grating in the metasurface region are p ¼ 100 nm, w ¼ 40 nm, and h ¼ 100 nm. Compared with Figs. 3 and 4, a smaller periodicity and larger aspect ratio used here result in more pronounced negative refraction of surface plasmons.
